The Montreal Protocol on Substances that Deplete the Ozone Layer, adopted in 1987, is an international treaty designed to protect the ozone layer by phasing out emissions of chlorofluorocarbons and other ozone-depleting substances (ODSs). A growing body of scientific evidence now suggests that the implementation of the Montreal Protocol will have significant effects on climate over the next several decades, both by enabling stratospheric ozone recovery, and by decreasing atmospheric concentrations of ODSs, which are greenhouse gases. Here, relative to the present day. We find, however, that the additional GSLR resulting from the relative decrease in Antarctic SMB is more than offset by a reduction in ocean thermal expansion, leading to a net mitigation of future GSLR due to the Montreal Protocol.
Introduction
The Montreal Protocol was born over concerns that increasing levels of surface ultraviolet (UV) radiation resulting from stratospheric ozone depletion would be detrimental to human health, agriculture and natural ecosystems (UNEP 2000) . What was not fully appreciated at the time the treaty was adopted, however, were the potential impacts that it would have on climate. These impacts are directly tied to the phase-out of ODS emissions stipulated by the Montreal Protocol and its amendments, and the ensuing decrease in atmospheric ODS concentrations. On the one hand, this is anticipated to lead to the recovery of stratospheric ozone over the next several decades (WMO 2014) , with a number of associated climatic effects expected (Previdi and Polvani 2014) . Additionally, since ODSs are greenhouse gases (GHGs), the decrease in their atmospheric concentrations due to the Montreal Protocol substantially reduces the global-mean radiative forcing (Velders et al. 2007 ; see also Fig. 1a) , with implications for surface temperature (Garcia et al. 2012) , the hydrological cycle (Wu et al. 2013) and the potential intensity of tropical cyclones ). Here, we show for the first time that this reduced radiative forcing is also likely to have a large effect on the surface mass balance (SMB) of Antarctica over the next several decades.
Methods

a. Model and experiments
The current work employs the Community Earth System Model-Whole Atmosphere Community Climate Model (CESM-WACCM; Marsh et al. 2013 ), a fully coupled atmosphere-ocean general circulation model (GCM) with sea ice and land surface components which employ a nominal 1° latitude-longitude resolution.
We consider a total of five CESM-WACCM experiments, referred to herein as historical, We leverage the existing historical simulations with CESM-WACCM that were performed for the Coupled Model Intercomparison Project phase 5 (CMIP5; Taylor et al. 2012) , in which the model is driven by observed time-varying changes in all natural and anthropogenic forcings. For comparison with these simulations, we carried out a set of "fixed ODS" runs that are identical to the historical simulations except for the prescribed surface concentrations of ODSs, which are held fixed at year 1955 levels. Holding ODSs fixed has a sizable forcing that are provided by the Potsdam Institute for Climate Impact Research (available for download at http://www.pik-potsdam.de/~mmalte/rcps/index.htm#Download). Forcing time series were acquired for each individual GHG represented in our model (including all ODSs), and these individual time series were summed to obtain the total GHG forcing. In order to estimate the forcing in the fixed ODS experiment, we subtract the ODS forcing from the total GHG forcing in the historical experiment. Lastly, the total GHG forcing in the World Avoided experiment is estimated by first computing the forcing time series for each individual ODS. This 
Results
a. Simulated Antarctic surface mass balance (SMB) changes
We begin our assessment of Antarctic SMB (defined herein as precipitation minus Along with the lack of a strong seasonality in the anomalous SMB response, this implies that differences in stratospheric ozone are not the primary driver of the simulated SMB differences between historical and fixed ODS. The latter differences, therefore, must be principally due to the direct radiative effects of atmospheric ODSs.
Given the strong SMB response to ODS forcing over the historical period (Fig. 2a) , we anticipate that the mitigation of this forcing as a result of the Montreal Protocol will influence the temporal evolution of the SMB over the next several decades. Protocol is larger in magnitude than the ensemble-mean SMB increase of 426 Gt yr -1 that is simulated over the same time period under RCP8.5 (thick yellow curve in Fig. 2b ).
The differences in simulated SMB trends between the various WACCM experiments discussed above are closely related to differences in the rate of Antarctic-mean warming, as illustrated in Figure 3 . Specifically, differences in Antarctic surface air temperature temperature, such as occurs here in our model, is a robust feature of global warming simulations from climate models (Krinner et al. 2007; Uotila et al. 2007; Monaghan et al. 2008; Ligtenberg et al. 2013; Frieler et al. 2015; Previdi and Polvani 2016) , and has been inferred as well from icecore data spanning the large temperature changes that occurred during the last deglaciation (Frieler et al. 2015) .
Based on the preceding discussion, we conclude that the relative decrease in SMB due to the Montreal Protocol is essentially a thermodynamic response that simply follows from the warming is an expected consequence of the decrease in radiative forcing (Fig. 1a) resulting from a smaller atmospheric burden of ODSs. Note that the top-of-atmosphere (TOA) energy imbalance (reflecting the difference between radiative forcing and climate response) is larger in the World Avoided than in RCP4.5 (and RCP8.5) by the end of the simulations (Fig. 1b) . This We calculate thermal expansion in our model from simulated changes in seawater potential density, using an approximation developed for Boussinesq ocean models (Smith et al. 2010; Griffies et al. 2014) . Specifically, the global-mean steric sea-level rise (essentially equivalent to thermal expansion) at time t is computed as:
where H is the mean ocean depth, 0 ρ is the initial global-mean in situ ocean density, and 239 t ρ is the global-mean in situ ocean density at time t. The global-mean in situ ocean density is defined as the ratio of total ocean mass to total ocean volume, with the latter assumed to remain constant. The total ocean mass is computed by integrating the seawater potential density over the depth of the water column and over the area of the global ocean. We account for drift in the We find that the Montreal Protocol's mitigating effect on GSLR due to reduced thermal expansion reaches -47 mm by 2065 (cyan bars in Fig. 4 ). This more than offsets the positive GSLR contribution from Antarctic SMB changes (+25 mm), yielding a net reduction in GSLR of -22 mm (black curve in Fig. 4 ). For comparison, in the World Avoided experiment, the ensemble-mean GSLR due to the combined effects of thermal expansion and Antarctic SMB increases is +81 mm in 2065. This indicates a substantial 27% reduction in future GSLR due to the Montreal Protocol.
Of course, future rates of GSLR will depend not only on thermal expansion and Antarctic SMB changes, but also on other processes such as Antarctic dynamic mass loss and mass loss from Greenland and mountain glaciers (Church et al. 2013 ). While we are not able to quantify all of these additional GSLR contributions in WACCM (e.g., due to the lack of interactive ice sheets in the model), we can state with certainty that these additional contributions will be negative. In other words, by suppressing future warming, the Montreal Protocol will reduce Antarctic dynamic mass loss and mass loss from Greenland and mountain glaciers, thereby producing additional negative contributions to GSLR over the next several decades. This implies that the net reduction in GSLR of -22 mm that is cited above, which accounts only for effects on thermal expansion and Antarctic SMB, should be viewed as a lower bound on the mitigating potential of the Montreal Protocol. Global sea-level rise is relative to the period 2006-2035.
